The immobilization of antibodies on various surfaces has been the subject of advanced research in various immunoassay-based diagnostic devices. The physical and chemical stabilities of the immobilized antibodies on a solid surface still cause many problems because upon immobilizing antibody molecules, the antigen-binding ability usually decreases. The silanization of surfaces with organosilanes carrying chemically active groups such as (3-aminopropyl)triethoxysilane (APTES) can accommodate these antigen-binding molecules in an appropriate orientation so that their functionality and binding activity are essentially retained. In this study, n-butyltrimethoxysilane (BMS) and 3-(octafluoropentyloxy)-propyltriethoxysilane (OFPOS) were used as "blocking silanes". The aims of this study were to compare the effectiveness of specific antibody binding of APTES, APTES + BMS and APTES + OFPOS and to characterize the modified surfaces by contact angle measurements and immunofluorescence measurements prior to and after immobilizing proteins. Additionally, we have evaluated the functionality of the immobilized antibodies by their abilities to bind EpCAM-positive human colon adenocarcinoma cell line (LoVo) and EpCAM-negative mouse embryonic fibroblast cell line (3T3). Cell enumeration was conducted on the basis of DAPI-positive signals and recorded using a confocal laser scanning biological microscope. The results of our study showed that the immobilization capability and reactivity of AP-TES, APTES + BMS and APTES + OFPOS differ. The modification of APTES with unreactive silanes (BMS, OFPOS) is recommended to improve the antibody binding efficiency. However, using OFPOS resulted in more effective antibody and cell binding, and it appears to be the most useful compound in specific antibody-mediated cell recognition.
Introduction
In recent years, the immobilization of antibodies on various surfaces has been the subject of advanced research in immunoassay-based diagnostic devices used for detecting rare-occurring cells, including circulating and disseminating tumor cells (CTCs, DTCs) [1] [2] [3] . The physical and chemical stabilities of the immobilized antibodies still cause many problems because upon immobilization, their binding activity decreases as the result of their random orientation (e.g. the blocking of Fab ends) and the steric hindrance of the antibody [4] . Many silicon-based technologies have been developed and applied as sensitive and selective biosensors and biomedical devices, e.g. nanowires or nanoparticles [5] [6] [7] . Among these technologies, silanization with organosilanes carrying chemically active www.fhc.viamedica.pl groups [8, 9] , such as (3-aminopropyl)triethoxysilane (APTES) ( Figure 1A ), is one of the most common and simple methods. Antibodies are immobilized on modified silica surfaces by forming covalent bonds between protein functional groups and the complementary coupling groups of organosilane [10, 11] . APTES can accommodate these molecules in an appropriate orientation so that their functionality and binding activity are essentially retained [8, 12] . However, the high reactivity of amino groups and the presence of unbound silanol groups on the surface enable the interaction of these groups and the formation of hydrogen bonds. Those effects result in restricted access to free amino groups and the reduced immobilization of biomolecules on the surface. One of the ways to counteract such a situation is to block free silanol groups by an additional silanization with an unreactive silane, e.g. alkylsilane. Such a procedure results in the rupture of hydrogen bonds and the "straightening" of aminopropyl groups, thus increasing the access to amino groups on the modified surface [13, 14] . In this study, n-butyltrimethoxysilane (BMS) and 3-(octafluoropentyloxy)-propyltriethoxysilane (OFPOS) were used as "blocking silanes" to prevent amino groups bending towards unreacted silanols ( Figure 1B, C) . Because the effectiveness of specific antibody binding is of considerable interest, the aims of this study were to compare APTES, APTES + BMS and APTES + OFPOS as the silylating agents and to characterize the modified surfaces with those organosilanes prior to and after immobilizing proteins. Additionally, we have evaluated the functionality of the immobilized antibodies by measuring their abilities to bind specific surface antigens of cultured cancer cells.
Material and methods
Preparation of silanized glass surfaces. Glass slides were silanized using three organofunctional trialkoxysilanes: 3-aminopropyltriethoxysilane -APTES (> 99%, Sigma-Aldrich, St. Louis, MO, USA) and APTES with the addition of n-butyltrimethoxysilane -APTES + BMS (BMS 97%, ABCR, Karlsruhe, Germany) and 3-(octafluoropentyloxy)
propyltriethoxysilane -APTES + OFPOS (OFPOS, Poznan Incubator of Chemical Technologies, Poznan, Poland). The glass slides (26 × 76 mm, Knittel Glass, Braunschweig, Germany) were first cleaned by incubating in 1:1 concentrated HCl:MeOH for 30 min, rinsing with distilled water, sonicating in acetone for 5 min and drying in a stream of 99.999% nitrogen (Linde Gaz, Bielsko Biala, Poland). The cleaned glass slides were sonicated with ultrasound frequency 37 kHz (Elmasonic S60H, Singen Germany) in a 2% solution of APTES in toluene for 1 h. Then, the slides were rinsed in toluene, methanol-toluene (1:1) and methanol in an ultrasonic bath, in each case for 5 min. The slides were dried in a microcentrifuge and placed in an oven at 110°C for 1 h. The glass slides modified with APTES in the presence of BMS or OFPOS were sonicated in a 2% toluene solution for 1 h directly after the amino-functional silane modification. Then, the slides were cleaned in an ultrasonic bath with toluene, toluene-methanol and methanol; dried in a microcentrifuge; and baked at 110°C for 1 h.
Contact angle measurement.
Static contact angle (q) measurements were performed using the DSA 100E auto goniometer from Krüss (Hamburg, Germany). The measurements were made on sessile drops of water (3 mL droplets) by measuring the tangent angle to the drop at its intersection with the slide surface. Advancing contact angles were determined by performing a minimum of eight independent measurements and are presented as means ± standard deviation.
Antibody binding. Monoclonal anti-EpCAM (epithelial cell adhesion molecule) antibody was chosen as a specific protein because of its selective binding affinity toward the corresponding antigen on the surface of cancer cells of epithelial origin. APTES-covered glass surfaces were coated with 25 µg/mL and 5 µg/mL mouse monoclonal anti-EpCAM antibody (EBA-1, Santa Cruz Biotechnology, Dallas, TX, USA) in 0.05 M phosphate-buffered saline (PBS) at pH 7.4, or with PBS alone (for the control area), for 1 h at room temperature (RT). The incubation was followed by three washes with PBS. Next, the free protein-binding sites of the glass slides were blocked by incubating with a 3% bovine serum albumin (BSA) solution in PBS for 1 h at www.fhc.viamedica.pl RT. Blocking was followed by three washes with PBS. The EpCAM protein was detected with a 2 µg/mL FITC-labeled secondary anti-mouse antibody (MFP488, goat anti-mouse IgG, MoBiTec, Goettingen, Germany) solution in PBS for 1 h at RT, followed by three washes with PBS. The effectiveness of the antibody binding was analyzed by a water contact angle measurement (i.e. goniometer analysis) and measurements of fluorescence intensity using an Olympus Fluoview i10 confocal laser scanning biological microscope. Images were captured from randomly selected regions of interest (ROIs) and recorded by an analog integration detection system. The data from the recorded images were converted into histograms and presented as average values. The fluorescence intensity was measured from 5 areas of 1.5 mm 2 each, and the estimations were performed three times for each silane.
Evaluation of antibody binding. The effectiveness of the anti-EpCAM antibody binding to the APTES surfaces was evaluated by the ability of the antibody to bind specific cultured cells. Two cell lines were used in this study: an EpCAM-positive human colon adenocarcinoma cell line (LoVo, ATCC, Manassas, VA, USA) and an EpCAM-negative mouse embryonic fibroblast cell line (3T3, ATCC, Manassas, VA, USA). Cells were routinely cultured in DMEM medium supplemented with 5% sterile-filtered fetal bovine serum (FBS), L-glutamine and 1% antibiotic--antimycotic solution (all from Sigma-Aldrich). Cell lines were grown to near confluence, harvested and counted. In this experiment, 100,000 cells per mL were used. APTES glass slides, covered with anti-EpCAM antibodies in concentrations of 25 µg/mL or 5 µg/mL, or without antibodies, were incubated with cells. The experiment was conducted with a Mini Rocker MR-1 Shaker (Biosan, Riga, Latvia), which provided a regulated rocking motion and mixed the cell suspension for 30 min at RT. Afterwards, slides were washed three times with PBS and sealed with DAPI (4',6-diamidino-2-phenylindole) mounting medium (Ultra Cruz DAPI Mounting Medium, Santa Cruz Biotechnology, Dallas, TX, USA). Cell enumeration was conducted on the basis of DAPI-positive signals and recorded using a confocal laser scanning biological microscope (Olympus Fluoview i10, Olympus, Tokyo, Japan) in an area of 48.6 mm 2 . Each experiment was performed three times. The number of cells counted in each control area was taken as a value of 1, and the counts of the tested areas were presented as relative fold changes (either increases or decreases) compared with the respective control.
Statistical analysis. Statistical analysis was performed using one-way ANOVA with a post-hoc test of least significant difference.
Results
The efficiency of antibody binding was evaluated by the contact angle and fluorescence intensity measurements. The contact angles were significantly higher after silanization with APTES, APTES + BMS and APTES + OFPOS, which showed unambiguously that the glass slide surface was modified. However, the contact angles differed depending on the surface properties of the employed silane. Further surface modification of the glass slides using BMS and OFPOS resulted in an increase in the contact angle (p < 0.01, Table 1 ). Similar analysis was performed for silanized glass slides after the incubation with 25 µg/mL and 5 µg/mL of anti-EpCAM antibodies (Table 1) . In each case, a decrease in the contact angle was observed, suggesting that the antibodies were successfully immobilized. However, the most significant difference in contact angle values, measured prior to and after antibody immobilization, was observed for the APTES + OFPOS slide (p < 0.01, Table 1 ).
Immunofluorescence analysis, used as a second method of evaluating the antibody binding, also showed differences between the examined compounds. The amount of immobilized antibody varied significantly depending on its applied concentration for the APTES + OFPOS slide (p < 0.001, Figure 2 ). This result suggests that anti-EpCAM antibodies bound more effectively to APTES + OFPOS modified glass www.fhc.viamedica.pl surfaces than to other examined silanes. Moreover, we found a difference between APTES + BMS and APTES + OFPOS, indicating that APTES + OFPOS was more effective in binding the EpCAM antibodies than the commonly used APTES + BMS (p < 0.05, Figure 2 ). The combination of these two silanes (AP-TES + OFPOS) on the glass slides resulted in a better binding of antibodies than in the case of APTES alone and in combination with BMS. This may be explained by the presence of strongly electronegative fluorine in APTES + OFPOS silane, manifesting a very low polarizability and having a minimal ability to interact with the antibody surface [15, 16] . Notably, an increase in antibody concentration from 5 µg/mL to 25 µg/mL did not result in a higher fluorescence intensity (Figure 2) for that silane. This result agreed with the phenomenon of the antibody--binding capacity. An increase in the antibody concentration affects the packing density and leads to the steric hindrance of antigen binding [17, 18] .
Discussion
The immobilization of antibodies on various surfaces has become a subject of great interest to many researchers. In addition to the physical and chemical aspects of the antibodies' attachment, their diagnostic utility is also considered, e.g. for detecting rarely occurring cells [1] [2] [3] . In our experiment, the EBA-1 antibody was chosen to be immobilized on the silanized surfaces, as it showed the most specific and strong signal for the EpCAM-positive cell lines [19] . Therefore, two different types of cells, LoVo (human epithelial cells), which are EpCAM-positive, and 3T3 (mouse mesenchymal cells), which are EpCAM-negative, were used to study the binding capacity of the antibodies. The highest number of attached EpCAM-positive LoVo cells was observed for the APTES+OFPOS glass slides covered with a 5 µg/mL anti-EpCAM antibody area. The result was significant for APTES and APTES + OFPOS (p < 0.05, Figure 3, Figure 4 B, H). The higher concentration of antibody (25 µg/mL) did not result in a higher number of attached cells (Figure 3 , Figure 4G -I). This result can be explained by the steric requirement of the biomolecules since a high concentration of antibodies was found to decrease their ability to bind cells [12, 18] .
None of the two applied concentrations of antibody affected the number of LoVo and 3T3 cells attached to APTES and APTES + BMS (Figure 3 , Figure 4A -F). As expected, the binding capability of EpCAM-negative 3T3 cells was insignificant for all of the tested silanes, independent of the antibody concentration ( Figure 3 ). Even if both types of 'blocking silanes' (BMS, OFPOS) could prevent the bending of amino groups and facilitate proper antibody binding [14] , only the APTES + OFPOS combination appeared more useful for cell recognition and binding. A remarkably higher number of attached cells was observed (Figure 4 A-I) , which indicated that the antibodies immobilized on the APTES + OFPOS surface were more available for binding to cell surface antigens.
To summarize, the contact angle measurements and the fluorescence microscopy and cell-binding ability tests showed that the immobilization capability and reactivity of APTES, APTES + BMS and APTES + OFPOS differ. The modification of APTES-covered surfaces with unreactive silanes (BMS, OFPOS) is recommended to improve the antibody-binding efficiency.
